Abstract
The creation of a pressure transfer mechanism can be achieved in two ways. A direct 22 relation exists between the mechanism of the pressure transfer and the penetration behavior 23 of the bentonite suspension in the subsoil. The relation of the size of the bentonite particles 24 in the suspension and the size of the pores in soft soil is decisive. In addition, the yield 25 strength of the bentonite suspension is a determining factor. 26
Concerning the penetration behavior two theoretical models exist actually: formation of a 27 filter cake and entire penetration into the pore space. If the pore space is smaller than the 28 size of the bentonite particles, a filtration process takes place. Here, the bentonite particles 29 agglomerate gradually at the entrance of the pore space and create a thin nearly 30 impermeable layer. This membrane is named filter cake. If the pore space is larger than the 31 size of the bentonite particles, the suspension penetrates into the subsoil up to a certain 32 The membrane, named filter cake 54 the size of the suspended bentonite particles 55 filtered at the entrance of the pore 56 soil. By gradual agglomeration of more bentonite particle 57 build (Figure 1 (left) ). Here, the 58 area in terms of effective stress 59
In case the pore size of the soil exceeds the size of th 60 suspension penetrates completely into the pore space of the ground up to a certain depth 61 [Walz, 2001] . Due to the yield 62 transferred along the surface of the soil 63 penetration process stagnates in a certain depth, when the 64 shear stress and groundwater pressure are balanced 65 One of the main tasks of the suspension is to prevent the surrounding excavation process of trenches, drill holes or tunnels. maintain the soil stability close to the excavation, the bentonite suspension has to counteract against the earth and water pressure. Therefore, the pressure acting in the suspension the groundwater pressure and has to be transferred into effective stress to the dominant theory in tunneling practice is adopted from diaphragm wall and summarized in DIN 4126 (2004) .
, 2004] the formation of a pressure transfer mechanism can be achieved in two ways: (a) with a thin and flexible membrane penetration zone in the soil.
filter cake (a), develops when the pore size of the the size of the suspended bentonite particles [Walz, 2001] . Here, the bentonite particles are d at the entrance of the pore space and the remaining filtrate water drains through the gradual agglomeration of more bentonite particles, a thin, impermeable membrane Here, the suspension pressure is transferred through effective stress to the soil skeleton.
the pore size of the soil exceeds the size of the suspended bentonite particles suspension penetrates completely into the pore space of the ground up to a certain depth . Due to the yield point of the bentonite suspension, shear stresses are e surface of the soil particles within the penetration zone (b penetration process stagnates in a certain depth, when the suspension pressure undwater pressure are balanced (Figure 2 (left) ).
] describes the direct relation between the mechanism of the pressure transfer and the penetration behavior of the bentonite suspension in the subsoil in in detail.
rinciple of support pressure transfer in the soil due to formation of a filter cake (left) and experimental result of filter cake on macroscale [I for different construction techniques in horizontal in pipe jacking and surrounding ground from excavation process of trenches, drill holes or tunnels. In order to the bentonite suspension has to counteract , the pressure acting in the suspension has ed into effective stress to from diaphragm wall and summarized in DIN 4126 (2004) . According to of a pressure transfer mechanism in terms ) with a thin and flexible membrane or (b) of the soil is smaller than Here, the bentonite particles are er drains through the impermeable membrane is ed through the membrane e suspended bentonite particles, the suspension penetrates completely into the pore space of the ground up to a certain depth ion, shear stresses are within the penetration zone (b). The suspension pressure, transfer of he direct relation between the mechanism of the pressure transfer and the penetration behavior of the bentonite suspension in the subsoil in support pressure transfer in the soil due to formation of a filter cake experimental result of filter cake on macroscale [Imerys, 1998] the penetration process is visualized and analyzed on the microscale analysis provides detailed information concerning the interaction bentonite suspension and the non-cohesive media within the pore space.
imaging provides the determination of parameters e.g. porosity, pore and particle size distribution. By analyzing the contact angle tween the fluid and the glass beads, the bentonite suspension is identified with a contact angle <90°. Both principles -filter cake and penetration imaging so that these phenomena are validated important result, the single phenomena of the filtration process suspension can be demonstrated in detail. Beside the "standard" identification of solid particles (glass beads), air and the penetrated bentonite suspension, the particles in the filter cake and the filtrated suspension water are detected.
Materials & Methods
Bentonite is a natural clay. reparation of a bentonite suspension consists of three steps: The powdery bentonite is and dispersed by introducing high shear forces (2 single crystal layer mechanically and distribute them homogeneously in the n additional swelling process (3), water molecules are embedded between the elementary layers of the Montmorillonite crystal. These water molecules are adsorbed at the cations and at the surface of the single layers as well. Hence, the distance on the microscale using µ-analysis provides detailed information concerning the interaction cohesive media within the pore space. ters e.g. porosity, pore nd particle size distribution. By analyzing the contact angle identified as a "wetting filter cake and penetration -are identified on the microscale. up of the layer corpuses is essential for the rheological properties of th required swelling time of different bentonites 16 hours. Afterwards the particle size of the suspended Na-and Ca-bentonite particles . In the experimental study bentonite suspension with varying employed: Ca-bentonite in 25 % by weight, Na-bentonite in 8
Glass beads with particle size of 2 mm and 600 µm and a mean density of 2600 kg/m³ o ensure the reproducibility of the performed combinations of bentonite suspensi The surface structure of the glass beads was determined using small parts of unevenness were detected.
Image of the surface condition of the 2 mm glass beads using ration tests were conducted in test tubes made of acrylic glass glass (Ø 21 mm and length 200 mm) in order to provide the most scans. The label of each sample describes the container type, concentration of bentonite suspension and the size of the glass beads. combinations for scanning with µ-CT, which provide the performance of a filter process. 
µ-CT Imaging 174
X-ray computed tomography was used for the 3D imaging of the samples, using a nanotom 175 S 180 µ-CT (tube characteristics: 180 kV, 500 mA) device, of the Leibniz Institute for Applied 176 Geophysics (Tab. 2). The nanotom is a compact CT system for pore scale imag 177
i.e. for high resolution imaging within the micrometer (typically 1 178 range (about 700 nm for very small samples), featuring high image sharpness due to a 179 significantly reduced penumbra effect [Brunke et al. 2008 ] 180
CT imaging and 3D image reconstruction is given by Buzug (2010) . The 3D image data were 181 processed with the AVIZO Fire software suite (Visualization Sciences Group). Due to the low 182 image noise and due to the fact that only 183 segmentation processing has been performed by the fast and robust "automatic threshold 184 selection method" described by Otsu (1979) . 185 186 187 6 Development of penetration depth (cm) of bentonite suspension in glass beads using test made of acrylic glass for increasing swelling times (h) Development of penetration depth (cm) of bentonite suspension in glass beads using test made of quartz glass for increasing swelling times (h) ray computed tomography was used for the 3D imaging of the samples, using a nanotom CT (tube characteristics: 180 kV, 500 mA) device, of the Leibniz Institute for Applied Geophysics (Tab. 2). The nanotom is a compact CT system for pore scale imag i.e. for high resolution imaging within the micrometer (typically 1-2 µm) to sub range (about 700 nm for very small samples), featuring high image sharpness due to a cantly reduced penumbra effect [Brunke et al. 2008] . A comprehensive overview of µ CT imaging and 3D image reconstruction is given by Buzug (2010) . The 3D image data were processed with the AVIZO Fire software suite (Visualization Sciences Group). Due to the low image noise and due to the fact that only few phases exist for segmentation, has been performed by the fast and robust "automatic threshold selection method" described by Otsu (1979) .
Development of penetration depth (cm) of bentonite suspension in glass beads using test Development of penetration depth (cm) of bentonite suspension in glass beads using test ray computed tomography was used for the 3D imaging of the samples, using a nanotom CT (tube characteristics: 180 kV, 500 mA) device, of the Leibniz Institute for Applied Geophysics (Tab. 2). The nanotom is a compact CT system for pore scale imaging purposes, 2 µm) to sub-micrometer range (about 700 nm for very small samples), featuring high image sharpness due to a prehensive overview of µ-CT imaging and 3D image reconstruction is given by Buzug (2010) . The 3D image data were processed with the AVIZO Fire software suite (Visualization Sciences Group). Due to the low segmentation, phase has been performed by the fast and robust "automatic threshold 
2.4
Image Processing
188
The preparation and execution of the µ-CT scans followed a standardized procedure: 189 The theoretical model of the penetration process of a bentonite suspension into non-215 cohesive media depends -amongst others -on the porosity and permeability. In a soil 216 mechanical sense, porosity is a dimensionless number that quantifies the existing pore 217 space in reference to the whole soil volume. Here, the pores may be completely or partly 218 filled with air, bentonite suspension or water. In addition, permeability is a measure for the 219 
233
The porosity obtained from µ-234 latter were determined by comparison of the weight of materials under dry and water 235 saturated conditions. Here, distilled water with a density of 236 Comparing the porosity values in Table 3 shows evidence for the general laws of soil 240 mechanics: glass beads with only one particle size of 241 values of porosity of 39.60 % ( 242 same bulk density. Thereby, the 243 a higher median value of the pore size diameter, while the 244 higher pore quantity due to smaller median value 245
In contrast, the particle size of the glass beads of Sample 3 contain 246 2 mm / 600 µm. Porosity is smaller due to the fact 247 into the pore space of the bigger glass beads of 248 reduces to 34.59 %. 249 Sample 1: Silica glass Ca 25 % 2 mm 2: Silica glass Ca 25 % 600 µm 3: Silica glass Ca 25 % 2 mm + 600 µm 8 connectivity of the single pores. A high permeability is associated to a high porosity, but from gh permeability cannot be deduced. A high porosity may be based on a huge amount of small pores or on the contrary on a small amount of big pores [ he porosity is determined by the shape, grading and compactness of the / soil particles.
porosity is identical for samples with the same volume, particle shape, particle grading and compactness/density. For determination of porosity using µ Sample 1: silica glass -Ca 25 % -2 mm, Sample 2 ilica glass -Ca 25 % -2 mm + 60µm ( Figure  ; the non-local-means filter was applied. Table 3 presents information porosity, pore size and quantity of pores.
illustrations of pore space of glass beads of Sample 1 (2 mm -left), Sample 2 ( 600 µm -right).
-CT imaging fits well the experimental determined values. The by comparison of the weight of materials under dry and water saturated conditions. Here, distilled water with a density of 1000 kg/m³ was used.
porosity and pore size of glass beads 2 mm, 600 µm
Comparing the porosity values in Table 3 shows evidence for the general laws of soil mechanics: glass beads with only one particle size of 2 mm or 600 µm show % (2 mm) and 39.28 % (600 µm) due to the same volume and the Thereby, the 2 mm glass beads provide a smaller quantity of pore of the pore size diameter, while the 600 µm glass beads provide a smaller median value of the pore size diameter.
the particle size of the glass beads of Sample 3 contains a ratio of 50 orosity is smaller due to the fact, that the smaller glass beads of 600 into the pore space of the bigger glass beads of 2 mm. Therefore, the porosity of this mixture A high permeability is associated to a high porosity, but from gh permeability cannot be deduced. A high porosity may be based on a huge amount of small pores or on the contrary on a small amount of big pores [Engelhard he porosity is determined by the shape, grading and compactness of the porosity is identical for samples with the same volume, particle shape, particle µ-CT imaging, three Sample 2: silica glass -Ca ( Figure 6 ). The analyzed Table 3 presents Comparing the porosity values in Table 3 shows evidence for the general laws of soil show nearly identical ) due to the same volume and the glass beads provide a smaller quantity of pores due to glass beads provide a diameter.
a ratio of 50 % / 50 % of that the smaller glass beads of 600 µm fit the porosity of this mixture 
Sample 2: Ca 25 % -silica glass 287
Sample 2 contains the same viscous bentonite suspension as Sample 1. Due to an uneven 288 penetration process, the visible penetration depth of 5 289 penetration depth determined by applying the module "measurement" using 290 (0.9 cm). Furthermore, the suspension penetrates 291 10 3D embodiment of penetration depth. Sample 1: Identification of three phases: glass beads, bentonite suspension and air silica glass -600 µm Sample 2 contains the same viscous bentonite suspension as Sample 1. Due to an uneven penetration process, the visible penetration depth of 5 mm (0.5 cm) is smaller than the etration depth determined by applying the module "measurement" using the suspension penetrates deeper in the middle of the test tube into in a histogram (Figure 9 ). This Histogram represents a vertical line through the sample and shows different grey values of the detected media. Here, the glass beads have the highest density and therefore show the highest grey value. The lower the density of the medium, the lower the grey value in the Analyzing the grey value using the module "Line Probe" shows three different within the pore space (Figure 9 ). The . This feature indicates that constant within the pore space, bentonite suspension and air.
Sample 2 contains the same viscous bentonite suspension as Sample 1. Due to an uneven is smaller than the etration depth determined by applying the module "measurement" using imaging of 9 mm in the middle of the test tube into Analyzing the grey value using the module "Line Probe" shows again three different values of 296 glass beads, air and bentonite suspension within the pore space ( Figure  297 suspension remains at nearly the same representative val 298 solid content of the suspension is constant within the pore space (three phases). Analyzing the grey value using the module "Line Probe" shows again three different values of 314 glass beads, air and bentonite suspension within the pore space ( Figure  315 suspension remains at nearly the same representative value that means the concentration or 316 solid content of the suspension is constant within the pore space (three phases). 317 11 than at the visible edge (Figure 10, left) . The small glass beads tend to be buoyant in the viscous fluid. Despite that, the bentonite suspension penetrates as a homogeneous fluid into the glass beads. Again, an explicit boundary exist space filled with bentonite suspension and the air filled pores.
Analyzing the grey value using the module "Line Probe" shows again three different values of glass beads, air and bentonite suspension within the pore space ( Figure  suspension remains at nearly the same representative value that means the concentration or solid content of the suspension is constant within the pore space (three phases).
Identification of three phases: glass beads, bentonite suspension and air -silica glass -2 mm + 600 µm shows the penetration process of viscous bentonite suspension Ca 600 µm. The uneven penetration process leads to the deviation of the visible penetration depth of 8 mm (0.8 cm) in comparison to the determined by applying the module "measurement" between 6 mm (0.6 cm) and 8
The mean value of the penetration depth is comparable to the value of Sample 2 with . The visualization of the sample shows artifacts below the penetration zone in the area of dry glass beads (Figure 11, left) . Some of the small glass beads tend to in the viscous fluid. In general, the bentonite suspension penetrates as a pore space of the glass beads. Again, an explicit boundary exist between the pore space filled with bentonite suspension and the air filled pores.
Analyzing the grey value using the module "Line Probe" shows again three different values of , air and bentonite suspension within the pore space ( Figure  suspension remains at nearly the same representative value that means the concentration or solid content of the suspension is constant within the pore space (three phases).
The small glass beads tend to be buoyant in the viscous fluid. Despite that, the bentonite suspension penetrates as a s between the pore Analyzing the grey value using the module "Line Probe" shows again three different values of glass beads, air and bentonite suspension within the pore space (Figure 10, right) . The ue that means the concentration or solid content of the suspension is constant within the pore space (three phases).
phases: glass beads, bentonite suspension and air.
shows the penetration process of viscous bentonite suspension Ca 25 % into the . The uneven penetration process leads to the deviation of the in comparison to the penetration depth cm) and 8 mm (0.8 The mean value of the penetration depth is comparable to the value of Sample 2 with facts below the penetration glass beads tend to the bentonite suspension penetrates as a glass beads. Again, an explicit boundary exists between the pore space filled with bentonite suspension and the air filled pores.
Analyzing the grey value using the module "Line Probe" shows again three different values of , air and bentonite suspension within the pore space (Figure 11 , right). The suspension remains at nearly the same representative value that means the concentration or solid content of the suspension is constant within the pore space (three phases). suspension is the more viscous fluid due to the higher solid content. On the other hand, the determination of the bentonite particle size ( µm for Ca-particles and of 7 µm for Na-particles. are predestined to move deeper into a pore space suspension. Furthermore, in Figure 12 (left) out of the bentonite suspension.
Solid Earth
alidated by analyzing the grey value using the module "Line different values for glass beads, air, bentonite suspension on the vertical sketch (Figure 12, right) . The amount of water is very low and concentrates on a very limited area within the test tube. As it can be seen from Figure water flows at the inner tube walls. The histogram in Figure 12 shows a nearly constant value It appears that the concentration/solid content of the suspension within the pore space. dentification of four phases: glass beads, bentonite suspension, water and air Sample 3: Identification of 3 phases: glass beads, bentonite suspension and air.
600 µm and results in a This value is quite high in comparison to the 600 µm glass beads. On suspension is the more viscous fluid due to the higher solid entonite particle size (Appendix 1) particles. Therefore, the pore space of the same (left) it is visible that a nalyzing the grey value using the module "Line bentonite suspension and water are The amount of water is very low and concentrates on a very limited area within the test tube. As it can be seen from Figure 12 , the shows a nearly constant value solid content of the suspension phases: glass beads, bentonite suspension, water and air.
Solid 
Sample 5: Ca 25 % -acrylic glass 340
Sample 5 shows the penetration process of viscous bentonite suspension Ca 341 mm glass beads whereas the test tube is 342 process leads to the visible penetration depth of 15 343 depth of 15 mm (1.5 cm) determined by applying the module "Measurement" 344
This value matches the penetration depth of Sample 1 using Ca 345 mm in a test tube made of silica glass 346 test tube has no influence on the 347
The visualization of Sample 5 348 glass beads ( Figure 13 ). Some of the small glass beads tend to 349 viscous fluid. In general, the bentonite suspension penetrates as a homogeneous fluid into 350 the pore space of the glass beads. Again, an explicit boundary exist 351 space filled with bentonite suspension and the air fille 352
The analysis of the grey value using the module "Line Probe" shows an additional phase of 353 water below the end of the penetration zone of the suspension 354 13). The water does not appear at the walls of the test tubes, it 355 beads. 356
The µ-CT scanning is based on the detection of media with different densit 357 difference in density, the easier the single medi 358 value of water 1000 kg/m³ is close to the density of the 359 left side of the histogram ( Figure  360 placed above the area of glass beads (sample length approx. 0 361 space of the glass beads (sample length approx. 5000 362 bentonite suspension is slightly higher. 363 value close to the original bentonite suspension. This gi 364 took place within the pore space. Here, the suspension water is separated in a small amount 365 from the bentonite particles. The particles remain in the pore space, the filtrate water drains 366 into the pore space below. The so 367 pores increases gently, in place where some suspension water is filtrated 368 369 Sample 5 shows the penetration process of viscous bentonite suspension Ca whereas the test tube is made of acrylic glass. The even penetration process leads to the visible penetration depth of 15 mm (1.5 cm) and to the penetration determined by applying the module "Measurement" This value matches the penetration depth of Sample 1 using Ca 25 % and glass beads of in a test tube made of silica glass (Figure 8 ). It provides evidence that the material of the the penetration depth.
5 shows artifacts below the penetration zone in the a Some of the small glass beads tend to be buoyant too in the the bentonite suspension penetrates as a homogeneous fluid into the pore space of the glass beads. Again, an explicit boundary exists space filled with bentonite suspension and the air filled pores.
The analysis of the grey value using the module "Line Probe" shows an additional phase of water below the end of the penetration zone of the suspension within the pore space ( Figure  The water does not appear at the walls of the test tubes, it is located inside the glass scanning is based on the detection of media with different densit difference in density, the easier the single media can be identified. However, the density kg/m³ is close to the density of the Ca 25 % suspension 1 istogram (Figure 13) shows the grey value of the bentonite suspension placed above the area of glass beads (sample length approx. 0 -2500 µm) (sample length approx. 5000 -16000 µm), the grey value of the bentonite suspension is slightly higher. In addition, the filtrated water shows a lower grey value close to the original bentonite suspension. This gives evidence that a filter process took place within the pore space. Here, the suspension water is separated in a small amount from the bentonite particles. The particles remain in the pore space, the filtrate water drains
The solid content/density of the bentonite suspension within the pores increases gently, in place where some suspension water is filtrated. dentification of four phases: glass beads, bentonite suspension, water and air Sample 5 shows the penetration process of viscous bentonite suspension Ca 25 % into 2 of acrylic glass. The even penetration m) and to the penetration determined by applying the module "Measurement" (Figure 13) . and glass beads of 2 . It provides evidence that the material of the facts below the penetration zone in the area of dry be buoyant too in the the bentonite suspension penetrates as a homogeneous fluid into between the pore
The analysis of the grey value using the module "Line Probe" shows an additional phase of within the pore space (Figure is located inside the glass scanning is based on the detection of media with different densities. The larger the can be identified. However, the density suspension 1025 kg/m³. The grey value of the bentonite suspension that is 2500 µm). Within the pore the grey value of the water shows a lower grey ves evidence that a filter process took place within the pore space. Here, the suspension water is separated in a small amount from the bentonite particles. The particles remain in the pore space, the filtrate water drains lid content/density of the bentonite suspension within the phases: glass beads, bentonite suspension, water and air 3.2.6 Sample 6: Na 13% -silica glass 373
In Sample 6 the penetration process of bentonite suspension Na 13% performs into the 374 combination of 2 mm + 600 µm 375 leads to a filter cake performance 376 bentonite particles are filtered from the suspension, the bentonite particles attach 377 the pore access and the filtrate water of the suspension drains thro 378 (Figure 14) . Therefore, the visualization of Sample 6 shows 379 analysis using the module "measurement". 
383
The Histogram in Figure 15 shows the increase of the density of the bentonite suspension 384 within a short area/depth followed by the detection of the filtrate water 385 bentonite suspension above the level of glass beads is shown. Within the pore space of the 386 glass beads the grey value of the bentonit 387 water shows a lower grey value 388 bentonite particles took place 389 the bentonite particles. The particles remain in the pore space, the filtrate water drains into 390 the pore space below. The solid content/density of the bentonite suspension within the pores 391 increases, which is verified by increasing grey values. In Sample 6 the penetration process of bentonite suspension Na 13% performs into the 600 µm glass beads in a test tube of silica glass. Here, the performance at the entrance of the pore space of glass beads. The bentonite particles are filtered from the suspension, the bentonite particles attach the pore access and the filtrate water of the suspension drains through the glass beads the visualization of Sample 6 shows no penetration depth within the easurement".
Sample 6: 3D embodiment of the area of filter cake as an assembly of solid material with a (left) and apparent accumulation of bentonite particles at the pore access (right)
shows the increase of the density of the bentonite suspension followed by the detection of the filtrate water. The grey value of the bentonite suspension above the level of glass beads is shown. Within the pore space of the glass beads the grey value of the bentonite suspension is slightly higher than the filtrate ater shows a lower grey value. This gives evidence that the filtration process of the took place at the pore access. The suspension water is separated from particles. The particles remain in the pore space, the filtrate water drains into the pore space below. The solid content/density of the bentonite suspension within the pores verified by increasing grey values. dentification of four phases: glass beads, bentonite, filtrate water and air especially the density of the bentonite suspension varies.
In Sample 6 the penetration process of bentonite suspension Na 13% performs into the Here, the infiltration at the entrance of the pore space of glass beads. The bentonite particles are filtered from the suspension, the bentonite particles attach gradually at ugh the glass beads no penetration depth within the as an assembly of solid material with a (left) and apparent accumulation of bentonite particles at the pore access (right).
shows the increase of the density of the bentonite suspension he grey value of the bentonite suspension above the level of glass beads is shown. Within the pore space of the e suspension is slightly higher than the filtrate the filtration process of the he suspension water is separated from particles. The particles remain in the pore space, the filtrate water drains into the pore space below. The solid content/density of the bentonite suspension within the pores phases: glass beads, bentonite, filtrate water and air, 
3.4
Contact angle of bentonite suspensions and glass beads 398
In general, the contact angle determined using µ-CT imaging helps to classify the manner of 399 interaction between a fluid and the surface of a solid, e.g. type of fluid, material and surface 400 roughness of solid. A contact angle of 90° is the limit between a wetting and non-wetting 
406
For the bentonite suspension Ca 25 % the contact angles are determined using the module 407 "angular measurement" for the different glass beads 2 mm (Sample 1), 600 µm (Sample 2) 408 and 2 mm + 600 µm (Sample 3). Table 4 shows the results of contact angles. In general, the 409 contact angle for bentonite suspension Ca 25 % is smaller than 90°. The suspension is 410 classified as a wetting fluid. 411 412 glass -does not influence the result of the penetration test (Figure 8 and 12) . 435
Using the smaller glass beads of 600 µm and the combination of 2 mm + 600 µm, the 436 penetration depth reduces considerably (Figure 10 and 11) . As shown in Figure 7 , the 437 distribution of the pore size is nearly identical for glass beads of 600 µm and the combination 438 of 2 mm + 600 µm. In general, the pore size ranges between 0.3 mm -1.5 mm with a peak 439 around 0.7 mm. The range of pore size for the 2 mm glass beads is between 0.6 mm -2.1 440 mm with a peak around 0.9 mm. As a consequence, the same bentonite suspension Ca 25 441 % with a particle size of approximately 10 µm (Appendix 1) penetrates deeper into the glass 442 beads 2 mm with larger pore size (Figure 17) . Sample 6 using Na 13 % and glass 465 the filter cake within this test series. The bentonite particles remain at the "entrance" of the 466 pore space of the glass beads and the filtrated suspension water flows deeper into the tube.
467
The filter cake is illustrated in the 3D embodiment of Figure 1  468 shows a varying density of the bentonite suspension within the limited filtration area at the 469 pore space "entrance". For the first time 470 suspension is visualized on microscale using µ 471 1, 2, and 3 identifies three different phases: glass beads, bentonite suspension and air within the pore space. Here, the bentonite suspension penetrates as a homogeneous fluid into the pores of the coarse material. Within this stu this is defined as the "standard penetration behavior" and can be linked directly to the experimentally performed penetration zones in Figure 2 , four different phases are detected within the histogram of Sample 4: beads, bentonite suspension, air and filtrated water at the lower area of the penetration istogram of Sample 5 identifies the same phases: and filtrated water. Compared to Sample 5, the area of filtrated water within Sample 4 is quite large. This may be due to the lower solid content of Na 8 % (Sample 4) compared to Ca 25 % (Sample 5).
Sample 6 using Na 13 % and glass beads of combination 2 mm + 600 µm performs uniquely the filter cake within this test series. The bentonite particles remain at the "entrance" of the pore space of the glass beads and the filtrated suspension water flows deeper into the tube.
cake is illustrated in the 3D embodiment of Figure 14 . Furthermore, the Histogram shows a varying density of the bentonite suspension within the limited filtration area at the pore space "entrance". For the first time, the performance of a filter cake on microscale using µ-CT.
From the gained results of the six samples, a general classification concerning the performance of a penetration zone and of a filter cake cannot be derived. Furthermore, the reasons of the filtration of water within the penetration effect as seen in Sample 4 and 5 using different types of bentonite cannot be explained satisfyingly. Here, further research Average diameter of pore space [mm] within glass beads 2 mm, 600 µm and combination 1, 2, and 3 identifies three different phases: glass beads, the bentonite suspension penetrates as a homogeneous fluid into the pores of the coarse material. Within this study, this is defined as the "standard penetration behavior" and can be linked directly to the on the macroscale. For the material is visualized show a size of approximately 3 µm. Therefore, the in Sample 4 reaches the largest and Figure 6 ). The larger the bentonite (approximately 10 µm) the smaller the penetration depth into the istogram of Sample 4: glass and filtrated water at the lower area of the penetration istogram of Sample 5 identifies the same phases: glass beads, the area of filtrated water within Sample 4 is quite large. This may be due to the lower solid content of Na 8 % beads of combination 2 mm + 600 µm performs uniquely the filter cake within this test series. The bentonite particles remain at the "entrance" of the pore space of the glass beads and the filtrated suspension water flows deeper into the tube. urthermore, the Histogram shows a varying density of the bentonite suspension within the limited filtration area at the the performance of a filter cake of bentonite a general classification concerning the a filter cake cannot be derived. Furthermore, the reasons of the filtration of water within the penetration effect as seen in Sample 4 and 5 cannot be explained satisfyingly. Here, further research 
